The solid-solution La 1−x Y x ScO 3 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) has been successfully synthesized using conventional solid-state techniques. Detailed structural characterization has been undertaken using high-resolution neutron powder diffraction and multinuclear resulting from distributions of both quadrupolar and chemical shift parameters, owing to the disordered nature of the material. In contrast to previous single crystal studies, which reveal small deficiencies at both the lanthanide and oxygen sites, the powder samples studied herein are found to be stoichiometric.
Introduction Oxides with the perovskite structure (general formula ABX 3 ) are an important and attractive area of research within materials chemistry. Perovskites are extremely flexible in their composition and, as a result, can be distorted with relative ease, producing a variety of useful and diverse physical properties including ferroelectricity, superconductivity, ionic conductivity and a range of dielectric responses, each of which can be exploited in a wide range of materials and devices. Although the 'ideal' perovskite structure is cubic, perovskites typically exhibit a range of structural variations owing to distortions or, more commonly, tilting of the BX 6 octahedra and displacements of the A-and B-site cations from the centre of their coordination polyhedra. Octahedral tilting is an intrinsic property of perovskites and is a direct consequence of the relative sizes and charge of the A-and B-site cations substituted into the structure. Both the type and magnitude of the distortions govern the nature and extent of the physical properties observed.
Stoichiometric ternary perovskite-type oxides of the form LnBO 3 , where Ln and B are trivalent lanthanides and first row transition metals, respectively, have been studied extensively in the past with work concentrating predominantly on rare earth scandates, vanadates, gallates, orthochromates and orthoferrites. [1] [2] [3] [4] [5] [6] [7] Many of these compounds exhibit interesting physical properties which have led to important fundamental and industrial applications. In particular, the LnScO 3 series has found application in ionic conductivity 8 and as a substrate for ferroelectric thin films. 9 Liferovich and Mitchell 10 recently reinvestigated many ternary lanthanide orthoscandate perovskites and discovered much of the earlier literature regarding their structural behaviour to be correct. For example, many of the compounds investigated, including LaScO 3 , were found to adopt the GdFeO 3 structure, which is isostructural with orthorhombic CaTiO 3 . 4 The LaScO 3 structure, in space group Pbnm, contains corner sharing ScO 6 octahedra displaying significant octahedral tilting described, in
Glazer notation, by the symbol a − a − 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 solution La 1−x Y x ScO 3 does not form any C-type solid-solutions across the series. Using 45 Sc and 89 Y NMR we have also confirmed that the solid-solution La 1−x Y x ScO 3 exhibits disorder, believed to result from random occupancy of the A-site cations within the structure.
Experimental and Computational Details

Synthesis and Characterization
La 1−x Y x ScO 3 samples were synthesized using conventional solid-state methods. Samples were characterized by room temperature laboratory X-ray diffraction experiments (l-PXRD) using a Stoe STADI-P diffractometer using Cu K α 1 (λ = 1.54056 Å) radiation and timeof-flight neutron powder diffraction (NPD) using POLARIS at the ISIS neutron spallation source, Rutherford-Appleton Laboratories. 16, 17 All diffraction data were analyzed by Rietveld refinement using the General Structure Analysis System (GSAS) software package. 18 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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However, in contrast to Sc(NO 3 ) 3 (aq), a relatively small shift in peak position was observed as a function of concentration, suggesting ScCl 3 (aq) to be a more consistent and reliable reference. The single resonance displayed in the 45 Sc NMR spectrum for 0.2 M ScCl 3 (aq) was set to be 0 ppm. Using this, at 14.1 T, the resonance with maximum intensity in the spectrum of LaScO 3 was found at 162.91 ppm. LaScO 3 was then used as a solid secondary reference for 45 Sc, in subsequent experiments.
DFT Calculations
To establish the accuracy and feasibility of 45 
Results and Discussion
LaScO 3 NPD and 45 Sc NMR Several samples of LaScO 3 were synthesized to establish optimal reaction conditions.
The structure and phase purity of each sample were verified using l-PXRD then NPD, both of which displayed excellent agreement with the orthorhombic structure (Pbnm) reported in the Figure S4 spectrum with a wide spectral width was also acquired and is shown in Figure S6 (a) in the Supporting Information. The spectrum was fitted and the 17 O NMR parameters obtained are given in Table 1 . To highlight how similar the two oxygen sites are, local oxygen environments for O1 and O2 are shown in Figure S7 with corresponding Sc -O and La -O bond distances highlighted.
First-Principles DFT Calculations
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The Journal of Physical Chemistry O post geometry optimization. All calculated values of the NMR parameters obtained prior to and post geometry optimization of the structure are given in Table 2 . Also shown in the Supporting Information (Table S6 ) are the calculated parameters obtained post geometry optimization of the structure using a fixed unit cell, i.e., allowing solely the atomic coordinates to vary. One major advantage of first-principles DFT calculations over experimental methods is their ability to determine the sign of C Q . This information is automatically generated during each calculation.
YScO 3 NPD and 45 Sc NMR
A sample of YScO 3 was synthesized using the preparative method determined by
Porotnikov et al.
14
The phase purity was verified using l-PXRD and high-resolution NPD.
Each confirmed the presence of YScO 3 , in addition to small quantities of an unknown impurity phase. Due to similarities in ionic radii at the A site, all Rietveld refinements for YScO 3 were carried out using the structural model for HoScO 3 10 as the starting point. The
single phase Rietveld refinement completed for YScO 3 was in good agreement with the calculated model (wR p = 3.0 %), as shown in Figure S8 in the Supporting Information. Full refinement details obtained from the NPD data for YScO 3 , including anisotropic thermal parameters, are also given in the Supporting Information (Tables S7 and S8 the span, Ω, and skew, κ, to be determined. These parameters and their definitions are listed in Table 3 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 of C Q , indicating they are structurally very similar. To highlight how alike the two environments are isolated oxygen clusters for O1 and O2 in YScO 3 are shown in Figure S7 in the Supporting Information. When compared to the 17 O NMR parameters obtained for LaScO 3 , the values of C Q obtained for YScO 3 are larger, indicating these are less spherically symmetric than those in LaScO 3 . This is particularly evident when the M -O bond distances are closely compared, as there is an obvious difference between the two phases. Owing to the nature of the perovskite structure, these differences are caused by different degrees of octahedral tilting and displacements of the A-site cation: both effects being more pronounced in the case of the smaller Y 3+ cation.
DFT Calculations
As described previously for LaScO 3 (Tables S1 and S7 in the Supporting Information). The substitution of a smaller cation onto the A site results in a higher degree of strain being imposed on the structure. To compensate, and relieve such strain from the structure, the A-site cation displaces and the surrounding octahedra undergo enhanced tilting. The degree of strain exhibited in any orthorhombic structure can be measured using an orthorhombic strain parameter, s, defined as 2(b − a)/(a + b), where a and b are the lattice parameters. 53 The orthorhombic strain found for LaScO 3 and YScO 3 are given in Table 4 . As expected, s is greater for YScO 3 owing to the smaller size of the A-site cation. It is, therefore, likely that the large quadrupolar interaction exhibited by YScO 3 is due to several effects, namely the displacement of the A-site cation, pronounced tilting of the octahedra and an increase in the orthorhombic strain. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 parameters, atomic coordinates, anisotropic thermal parameters, bond lengths and angles are given in the Supporting Information (Tables S15 -S26 ).
The NPD data indicates that the orthorhombic Pbnm structure was retained across the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 yttrium appears to be randomly distributed across the A site as there is no evidence of cation or layered ordering within the structure from diffraction. added to the system a structure more similar to YScO 3 is adopted. The broad 45 Sc MAS NMR spectra and large quadrupolar interactions exhibited for the latter samples in the series are believed to be a result of increased stress and strain on the structure and is in good agreement with the NPD data.
It is evident from the NPD data that the substitution of Y
To gain resolution and insight into the nature and extent of disorder exhibited in the disorder is present in a system the ridge observed in any z-filtered experiment (prior to shearing) will be aligned along a gradient equal to the MQMAS ratio, R, i.e., for a I = 7/2 nucleus the ridge will be aligned along 101/45 (+2.24). 31 When disorder is present the direction along which the ridge is broadened changes depending on the precise nature of the Page 17 of 43
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 disorder. For example, when a distribution of chemical shifts is present the centre of gravity for each environment will lie along a gradient of +3. If, however, a distribution of quadrupoles is present this alignment will be along a gradient of +1.8. In reality, many disordered systems exhibit contributions from both a distribution of chemical and quadrupolar shift interactions and, in such cases, the ridge will be broadened along more than one axis. To illustrate the effect disorder can have on the ridges in a MQMAS spectrum, MQMAS spectra have been simulated exhibiting each of these contributions and are shown in (Figure 10) . 26, 56 As x was increased a shift in 〈δ iso 〉 was exhibited. The known chemical shift range for 89 Y is extremely large (~4000 ppm). However, the shift exhibited in this particular series was very small (121 ppm), suggesting a relatively small change is observed in the local Y environment. All values of 〈δ iso 〉 extracted from the 89 Y MAS NMR spectra acquired and the variation observed in 〈δ iso 〉 with increasing x are given in the Supporting Information ( Figure S14 and Table S28 ). In a similar manner to the 45 MAS NMR data confirm no phase transitions occur in this series and an orthorhombic structure is retained throughout, in good agreement with the NPD data.
DFT Calculations
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The Journal of Physical Chemistry respectively. Structures for each composition are given in the Supporting Information ( Figure   S15 ). All structures were geometry optimized prior to calculation of the NMR parameters. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 however, computationally demanding and often require large computational resources. A 2 × 1 × 1 supercell calculation was therefore performed using the computational resources currently available to us. Initially, a single La atom was replaced in the 2 × 1 × 1 cell with Y, producing the composition La 0.875 Y 0.125 ScO 3 , as shown in the Supporting Information ( Figure   S16 ). As with all calculations of this nature, the structure was fully geometry optimized prior to calculation of the NMR parameters. The calculated 45 Sc and 89 Y NMR parameters are given in the Supporting Information (Tables S31 and S32 Tables S31 and S32, respectively. As observed for the single cell calculations, the number of sites predicted varied as a function of symmetry and a large range of quadrupolar coupling constants (C Q = 4 -14 MHz) were predicted for each Sc site. The contribution from each of these sites was 'summed' and the resulting spectrum is denoted in purple in Figure 11 (a). The simulated spectrum again highlights that each environment calculated could realistically be present in each sample. Also shown in Figure 11 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 was gradually introduced to the LaScO 3 structure a corresponding decrease in both the lattice parameters and unit cell volume was observed. In addition, as x was increased the incorporation of the smaller A-site cation led to corresponding increases in both orthorhombic strain and the degree of octahedral tilting. Structurally, minor changes in the Sc -O bond lengths were observed as x increased. In addition, as these strain effects increased a substantial influence on the magnitude of the quadrupolar interaction was observed. A complete structural model (obtained from NPD data) was reported for YScO 3 and is in contrast to the findings of Balamurugan et al., 12 as no defects were observed on the A site or oxygen sites within the structure. This is in good agreement with the random A site occupancies evidenced by both diffraction and NMR. It is highly likely that, experimentally, a 'summation' of all the calculated environments is observed (again a good indication of the random nature of the disorder).
Preliminary calculations suggest that 'modelling' disorder using DFT could aid considerably in the understanding and interpretation of complex NMR spectra of disordered materials.
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